Introduction
Schizophrenia is a mental illness characterised by delusions, hallucinations, disorganised speech, disorganised or catatonic behaviour, and negative symptoms involving diminished expression of thoughts, feelings and behaviour (American Psychiatric Association, 2013) . Despite more than one hundred years of scientific attention, researchers have yet to determine any uniform aetiology or pathogenesis for schizophrenia (Tandon et al., 2008; Tsuang and Faraone, 1995) . As a consequence, more recent research has focused on symptom-based, syndromal and/or pathogenic subgroups and dimensions (Cohen and Docherty, 2005; Picardi et al., 2012; Tandon et al., 2009) .
One syndrome observed in many schizophrenia patients is Thought Disorder (TD). Documented as "Confusional Speech" by Kraepelin (1919) , TD has been variously named and described over time, including terminology such as "Formal Thought Disorder", "Disorganised Thinking", "Disorganised Speech" and "Schizophasia" (Andreasen, 1982b; Rule, 2005) . TD essentially refers to impairments in communication that arise due to abnormalities in the amount and form of speech production (Andreasen, 1986) , from which a disorganised pattern of thinking is usually inferred (e.g. Cameron, 1939; Harrow et al., 1983; Holzman et al., 1986) . Though often interpreted as a single unitary symptom, the presentation of TD is actually heterogeneous (Andreasen, 1986) . Divergence can be exhibited between individuals across numerous discernible manifestations of TD, many of which are routinely identified and quantified in accordance with existing rating scales. However, researchers have struggled to consistently reduce the variability in expressed TD down into latent variables (Andreasen and Grove, 1986; Cuesta and Peralta, 1999) . Thus, the broad distinction between positive and negative TD is often the only one made. Positive TD denotes abnormalities in the information conveyed through discourse due to unanticipated, bizarre, or inappropriate qualities of expressed speech, without any reduction in quantity or fluency (Andreasen and Olsen, 1982) . Conversely, negative TD involves a diminishment in the information conveyed through discourse due to a reduction in the quantity, content, or fluency of expressed speech (Andreasen, 1982a) .
Although neither a sine qua non nor pathognomonic for schizophrenia (Andreasen, 1986; Andreasen and Grove, 1986; Holzman et al., 1986) , TD is frequently cited as a hallmark of schizophrenia symptomatology. Indeed, some aspects of TD have been found to be more prevalent, chronic, and severe over time in schizophrenia than in most other disorders of psychosis (Andreasen and Grove, 1986; Harrow et al., 1986; Marengo and Harrow, 1997; Wilcox et al., 2012) . Greater TD severity in schizophrenia (especially negative TD) has also been linked to poorer prognostic outcomes, such as poorer global improvement, reduced overall life adjustment and quality of life, an increase in the rate of hospitalisations, and an increased likelihood of conversion to psychosis in those at-risk (Roche et al., 2015) , in addition to increased unemployment (Andreasen and Grove, 1986; Harrow et al., 1986; Tan et al., 2014; Wilcox et al., 2012) . Thus, TD represents an important area of scientific inquiry.
The causes of TD have not yet been established, though linguistic, executive, and semantic dysfunctions have all been proposed as aetiological mechanisms (Kerns and Berenbaum, 2002) . Furthermore, numerous postulates within each of these mechanisms have been put forward. For instance, in terms of semantic dysfunction, Spitzer (1997) constructed a theory wherein TD was proposed to stem from difficulties in the automatic access of lexical-semantic information. Yet, there has been evidence to suggest that degraded semantic storage may also play a role in TD (Leeson et al., 2005a; Rossell and David, 2006) . Another proposal was that there is disorganisation within the semantic system, which may better account for residual deficits after the remission of TD (Leeson et al., 2005b) . Whilst Oh et al. (2002) identified semantic speech errors in the expressive speech of those with TD that were consistent with problematic lexical-semantic processes, they also argued that individuals with TD show separate difficulties in constructing global semantic themes to guide discourse. Therefore, the aetiology of syndrome is likely to be complex, reflecting the diversity in its clinical features.
Modern neuroimaging techniques may afford a greater ability to study the influence of these separate processes and the heterogeneity of TD. In particular, structural neuroimaging methods have been used to determine whether any aspects of TD are subserved by discrete neuroanatomical substrate, and whether these structural correlates correspond with regions known to be associated with language, semantic, or executive processes. Indeed, the structural neuroimaging correlates of language and communication abnormalities in schizophrenia have intrigued researchers for quite some time (e.g. Luchins and Meltzer, 1983) , though formal measures of TD were not applied in this context until the 1990's. Despite a steady accumulation of findings to date since then, there has not yet been any comprehensive and systematic review. Therefore, the aim of the present work was to rectify this gap in the literature by summarising our current understanding of the neurobiology of TD in schizophrenia that has been investigated through structural neuroimaging (i.e. morphometry and diffusion tensor imaging). Results pertaining to facets of TD, such as the negative and positive distinction, were outlined wherever they were explored in the literature.
Method

Search protocol
The review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (PRISMA Checklist Supplementary 1; Moher et al., 2009 ). The databases PubMed, Scopus, and Web of Science were used to locate relevant literature, with searches limited to articles published from the 1st of January, 1990 onwards. Search terms were selected based on three concepts: neuroimaging, schizophrenia-related disorders, and TD. The MeSH terms "Diagnostic Imaging" and "Schizophrenia and Disorders with Psychotic Features" were utilised in the PubMed search. The terms "clinical" and "symptom*" were additionally included in the PubMed syntax to broaden the search and capture literature containing exploratory psychotic symptom-based analyses without any specific theoretical interest in TD (see Supplementary 2 for full search syntax). Reference and citation lists were checked for additional relevant works.
This search method was conducted to discover the neuroimaging literature pertaining to TD. In addition to structural neuroimaging studies, the search returned relevant functional and neurochemical neuroimaging studies that were not included in the current review.
Study selection
Titles, abstracts, and key words were initially scanned by a single reviewer (PS) at stage one and were included if they met the following criteria: 1) the article was written in English; 2) a neuroimaging methodology was employed; 3) the participating sample comprised patients with a diagnosis of schizophrenia; schizoaffective disorder or schizophreniform disorder; 4) the basis of the article was empirical (this included case studies and conference abstracts; but not literature reviews or meta-analyses); and 5) a psychosis-related symptom-based analysis was conducted. The decision to include schizoaffective disorder patient groups but exclude groups with mania was made to limit the scope of the review and was deemed justifiable because; qualitatively; the TD symptoms exhibited by schizoaffective patients tend to resemble those presented by schizophrenia patients as opposed to those associated with mania (Holzman et al., 1986) ; at least during acute phases (Andreasen and Grove, 1986) .
At stage two, two reviewers (PJS and IHB) independently screened full-text articles according to the following criteria: 1) a specific measure of TD was adopted; 2) neuroimaging methodology was used; and 3) a statistical analysis was used to investigate the relationship between structural neuroimaging variables and TD. Studies where the analysis was limited to syndrome-based factors that combined TD with other symptom-types were excluded, including those that were denoted as disorganization or TD factors. This is because the specific constituent symptoms tended to differ across studies (e.g. Higashima et al., 1998; Langeveld et al., 2013; van der Gaag et al., 2006) and assess a broader scope of psychopathology. Discrepancies in the study selection between the two reviewers were discussed and a consensus was reached. For the current review, only studies using structural neuroimaging techniques were included.
Data extraction
Data extraction was conducted by a single reviewer (PS). Extracted data for each study included: 1) meta-study information (e.g. title, the name of the authors, and the type of article); 2) the degree of sample overlap between studies; 3) the nature of the research questions or hypotheses employed with respect to TD (see next section for further details); 4) sample characteristics, including demographics (e.g. age, gender, handedness, intelligence quotient, and parental socioeconomic status) and clinical variables (e.g. diagnosis, age of illness onset, severity and variance in schizophrenia-related symptoms, and severity and variance in TD symptoms); 5) measure and reported reliability estimates for TD; 6) the neuroimaging methodology (e.g. magnetic resonance imaging [MRI] or computed tomography [CT]), technique (e.g. diffusion-weighted imaging or T 1 -weighted imaging) and measure (e.g. voxel-based morphometry [VBM] , region-of-interest [ROI] volumetry, or fractional anisotropy [FA]) used; 7) the method and results of any group-based comparisons in the neuroimaging measures, including patient-control comparisons and, if applicable, TD-non-TD comparisons; and 8) the method and results of any other analyses between TD measures and neuroimaging measures. Due to considerable methodological variability across studies, meta-analyses were not performed.
Grouping of included studies
Included studies were organised into two groups: those exploring the structural correlates of psychotic symptomatology in general, and those with TD-motivated analyses. Studies exploring psychotic symptomatology in general were not motivated by specific TD-related aims, research questions, or hypotheses. Typically, these studies explored TD amongst many symptoms of psychosis as potential structural correlates. In some cases, findings were not specifically reported for individual symptoms and therefore had to be inferred (see Supplementary 2 for further details). This group will subsequently be referred to as "general symptom studies" throughout the review. Conversely, TD-motivated research consists of studies with aims that related to TD directly. This includes exploratory studies that were motivated by specific TD-related research questions, as well as confirmatory studies that were motivated by specific TD-related hypotheses. These studies will be referred to as "TD-motivated studies".
Study quality evaluation
The quality of included studies were evaluated in terms of: measurement of TD, measurement of neuroimaging variables, specificity of findings to TD as opposed to general schizophrenia symptoms, consideration of potential confounding variables, degree of sample overlap with other studies included within the current review, and representativeness of the sample and generalisability of the results. For the measurement of TD, the following were evaluated: specific scales used, method by which speech samples were obtained, whether or not individual symptoms of TD were considered, whether or not summary statistics for TD were reported, reliability of the measurement of TD, and whether or not the measurement of TD was conducted blind to neuroimaging variables (or vice versa). For the specificity of findings to TD, several criteria were applied to the main findings (see Supplementary 2).
Results
The search strategy yielded a total of 5809 studies, from which 97 met the inclusion criteria for this review (see Fig. 1 for PRISMA Flow Diagram). Seventy-one of these articles were classed as general symptom studies. The remaining 26 articles were considered to be TDmotivated studies, 12 of which were confirmatory. MRI was used in 87 studies, with CT being utilised on only 10 occasions. Older studies were characterised by morphometry measurements within manually-traced regions of interest (ROIs). In particular, the earliest studies examined linear measurements of morphometry (i.e. length and width) and assessments of atrophy according to ordinal scales, with area and volume measurements predominating later. More recent studies showed a greater diversity of techniques, such as the use of VBM to determine differences in brain volumes, diffusion tensor imaging (DTI) to assess tissue integrity and tractography by analysing measures of diffusivity and FA, and magnetization transfer imaging (MTI) to demonstrate subtler structural abnormalities than afforded through volumetric analysis.
Sample characteristics
Summary statistics for study demographics are displayed in Table 1 . The samples of participants from the studies reviewed mostly represent right-handed males in young adulthood. The majority of samples were recruited from the United States of America, though some were recruited from England, France, Spain, Italy, Switzerland, Germany, Hungary, Canada, Brazil, Japan, Taiwan, and Singapore.
Summarised overview of findings
Seven regions showed replicable relationships between structural measures and the severity of TD (Table 2) .Relationships between TD and structural measures of various other regions have been reported but not replicated. The number of studies that found either a positive or a negative relationship between TD and structural measures within the various brain regions, in addition to the number of studies that did not find any evidence of a relationship, is depicted in Fig. 2. Fig. 2 is a simplified overview of the results collapsed across numerous neuroimaging measures and techniques, both cerebral hemispheres, various anatomical subregions, and positive and negative TD. It also excludes some findings attained through tractography techniques. Table S1 (Supplementary 3) similarly shows which studies found positive, negative, and no relationship between TD and structural neuroimaging measures, but preserves details regarding specific subregions, hemispheric specificity and laterality, and type of TD. Table S2 (Supplementary 4) provides additional details extracted for each individual study. A brief overview of the pattern of findings to emerge from the included studies is presented below, followed by a more precise account of the findings organised by region.
Measures of gross brain structure have been heterogeneous, and the findings have been inconsistent. Several studies have investigated ventricular morphometry and, when significant relationships were found, they tended to encompass increased lateral ventricle volumes with more severe total or positive TD (Sandyk, 1993; Shenton et al., 1992; Spalletta et al., 2010) . However, each study implicated a different hemisphere or ventricular sub-region. In terms of white matter tracts, associations between reduced FA within the corpus callosum and more severe positive TD have been replicated (Arendo et al., 2015; Kubicki et al., 2008;  Table 2 ). Other aspects of white matter structure (Arendo et al., 2015; Makris et al., 2010; Szeszko et al., 2008) and connectivity (Bracht et al., 2014; Skudlarski et al., 2010) have shown associations with TD, but these associations have not been replicated.
Within the temporal lobe, reductions in planum temporale and, more generally, posterior superior temporal gyrus (STG) grey matter volumes with more severe positive and total TD have emerged as replicable findings (Anderson et al., 2002; Barta et al., 1997; Horn et al., 2009; Rajarethinam et al., 2000; Sans-Sansa et al., 2013; Shenton et al., 1992; Weinstein et al., 2007;  Table 2 ). However, null findings have still been frequent. Other aspects of left and right STG morphometry have less reliably been associated with TD, and there was very little evidence of any relationship with negative TD (Table S1 ). Likewise, despite null findings being common, relationships between reduced volumes within the left amygdala-hippocampus complex and severities of positive TD have been replicated (Bogerts et al., 1993; Rajarethinam et al., 2001; Sallet et al., 2003; Spalletta et al., 2010;  Table 2 ). The bilateral hippocampal formation (Fukuzako et al., 1996) and parahippocampal gyri (Anderson et al., 2002) , and left temporal pole (Horn et al., 2010) each showed associations with TD, but these associations have not been replicated (Table S1) . No evidence has implicated other aspects of medial or lateral temporal cortex in TD.
Within the frontal lobe, the structure of a broadly-defined prefrontal region in the left hemisphere has been associated with the severity of positive TD (Goldstein et al., 2002; Vita et al., 1995;  Table 2 ). Relationships between right prefrontal structure and positive TD (Vita et al., 1995) , and bilateral prefrontal structure and negative TD (Sanfilipo et al., 2000) have also been reported in single studies but not replicated (Table S1 ). Reliable associations have additionally been demonstrated between orbitofrontal grey matter volumes, and both total and negative TD severities (Gur et al., 2004; Horn et al., 2010; SansSansa et al., 2013; Table 2) . A relationship with positive TD has also been reported but not replicated (Nakamura et al., 2008) . Other frontal regions have occasionally shown associations with TD, but without replication (Table S1 ). Again, null findings have been abundant.
Other regions of cortical structure have not shown reliable associations with TD (Table S1 ). Relationships between lower grey matter volumes within the left insula and greater severities of positive TD have been found but not convincingly replicated with respect to the precise sub-regions implicated (Makris et al., 2006; Sans-Sansa et al., 2013; Yamasue et al., 2004) . Some evidence was found showing relationships between cingulate volumes and TD, but the evidence varied with respect to the types of tissue and TD implicated (Horn et al., 2009; Makris et al., 2010) . Parietal structures have rarely been investigated in the context of TD, and the majority of relevant findings were not significant. Significant results have only been reported for the bilateral precuneus and left angular gyrus (Horn et al., 2009) , and these associations have not been replicated.
In terms of subcortical structures, reduced cerebellar vermis Sandyk et al., 1991) and nucleus accumbens volumes (Ballmaier et al., 2004; Spalletta et al., 2010) have each been associated with more severe positive TD in more than one study (Table 2) . However, a relationship of the opposite direction was also reported for the cerebellar vermis (Levitt et al., 1999) . Additional associations have been found between positive TD and morphometric measures of the right thalamus and bilateral putamen (Spalletta et al., 2010) , though these were not replicated.
Gross cortical structure and the ventricular system
The early morphometric literature focused on various measures of general brain structure, with the aim of determining the presence of gross atrophy. The ventricular system was most commonly investigated. Only one out of 13 general symptom studies that explored ventricular morphometry reported a significant link with TD; less leftward volume asymmetry of the lateral ventricles was found with increasingly severe total TD (Shenton et al., 1991) . The evidence was more mixed amongst TD-motivated studies. Shenton et al. (1992) found a trend-level association between greater volumes of the right temporal horn and increased severity of total TD. Sandyk (1993b) found that those with progressively wider third ventricles had increasingly severe positive TD, though the relationship between third ventricle-brain ratios and positive TD severity was not significant. More recently, larger lateral ventricle volumes on both the left and right side were associated with a greater percentage of both global coherence errors and semantic paraphasias in speech (Spalletta et al., 2010) . However, only volumes of the left lateral ventricle predicted global coherence errors when regressed amongst measures of other subcortical structures, whereas right lateral ventricle volumes predicted semantic paraphasias. Notably, lateral ventricle volumes did not predict the percentage of lexical informativeness in speech. Other investigations of the lateral (Rubin et al., 1994; Vita et al., 1995) and third ventricles (Rubin et al., 1994) have returned only null findings.
Two general symptom studies have explored the relationship between TD and choroid plexus calcification. The first study did not report significant differences in the severity of positive TD between those with and without calcification of the choroid plexus (Sandyk, 1993a) . The second study showed an association between the length of left choroid plexus calcification and the severity of positive TD, though the direction of this correlation was not specified (Bersani et al., 1999a) . One TDmotivated study of choroid plexus calcification was additionally found, where no significant difference in ordinal ratings of calcification length was determined between those with mild and severe positive TD (Sandyk, 1993b) .
In the general symptom studies exploring other measures of overall brain structure, more severe TD has been associated with increased ordinal cortical atrophy ratings (positive TD: d 'Amato et al., 1992) , greater right horizontal Sylvian fissure length asymmetry (positive TD: Fig. 1 . PRISMA flow diagram depicting the search strategy for the current review. P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 84 (2018) 299-315 Shapleske et al., 2001 ), more rightward hemispheric volume asymmetry (negative TD: Sallet et al., 2003b) , and reduced global mean anatomical connectivity (total TD: Skudlarski et al., 2010) . By contrast, in other studies, TD was not among the significant predictors of sulcal or fissure widths, or cortical atrophy (positive TD: Buckman et al., 1990) ; the degree of left or right hemisphere cortical gyrification (positive or negative TD: Sallet et al., 2003a) , interuncal distance or the intercaudate distance-brain width ratio (positive or negative TD: Bersani et al., 2009) , whole brain volume (positive TD: Matsumoto et al., 2001) , or mean cerebral white matter FA values once age has been accounted for (negative TD: Bijanki et al., 2015) . A similar pattern was apparent in the TD-motivated studies, where the severity of positive TD failed to correlate with cerebral volumes (Rajarethinam et al., 2000) , whole brain length or volume (Rubin et al., 1994) , widths of either the interhemispheric fissure or the Sylvian fissure of either hemisphere (Rubin et al., 1994) , or ordinal ratings of prefrontal cortex atrophy and sulcal prominence (Sandyk, 1993b) . A recent TD-motivated study used a multivariate approach to identify broad neuroanatomical patterns of co-varying morphometry apparent in individuals with schizophrenia, and then determine the relationship between these groups of structures and TD (Palaniyappan et al., 2015) . Eight groups of voxel-clusters showed co-varying grey matter volumes in individuals with schizophrenia, though none independently predicted the severity of positive TD. On the other hand, the authors found that three of these groups independently predicted the severity of negative TD. Specifically, greater grey matter volumes of a group comprising voxel-clusters within the bilateral inferior, middle, and superior frontal gyri; bilateral anterior cingulate, left inferior parietal lobule, left cingulate gyrus, and left medial frontal gyrus predicted more severe negative TD. Similarly, greater grey matter volumes of another group comprising voxel-clusters within the bilateral medial, inferior, middle and superior frontal gyri; right precuneus, right inferior parietal lobule, right postcentral gyrus, left superior parietal lobule, right inferior parietal lobule, right postcentral gyrus, left anterior cingulate, and left middle temporal gyrus also predicted more severe negative TD. Conversely, reduced grey matter volumes within the bilateral lentiform nucleus, bilateral cingulate gyrus, bilateral caudate, bilateral middle temporal gyrus, bilateral precuneus, bilateral superior frontal gyrus, right parahippocampal gyrus, right precentral gyrus, right paracentral lobule, right insula, right inferior occipital gyrus, left middle occipital gyrus, left posterior cingulate, left inferior and superior temporal gyri, and left postcentral gyrus predicted more severe negative TD.
Temporal lobe 3.4.1. Superior temporal gyrus (STG)
Seventeen general symptom studies and 17 TD-motivated studies were identified that have explored some form of STG structure. The general symptom studies were characterised by a high rate of null findings, which were apparent for positive and negative TD, as well as grey and white matter morphometry. Only four produced significant results. Reduced left STG grey matter volumes were associated with more severe positive (Matsumoto et al., 2001 ) and total (Anderson et al., 2002) TD. Similarly, in a longitudinal study spanning approximately three years, a tendency was observed for a greater percentage of left rostral grey matter volume reduction per year to co-occur with an increased severity of positive TD at follow-up (Takahashi et al., 2010) . In the right hemisphere, reduced STG grey matter volumes were associated with a greater severity of positive TD (Matsumoto et al., 2001) . Moreover, right posterior STG grey matter volumes tended to be reduced with more severe total TD (Anderson et al., 2002) but increased with more severe negative TD (Kim et al., 2003) . For many of these findings, significance was lost when either Bonferroni corrections were made (Matsumoto et al., 2001; Takahashi et al., 2010) , or when STG volumes were determined relative to intracranial content volumes Note: n = the number of study samples with reported data. Only data from samples or sub-samples used in TD-relevant analyses were recorded. SD = standard deviation. a One publication contained two separate studies and each sample was counted independently. Thus, total number of TD-motivated samples is 27 from 26 publications. (Anderson et al., 2002) . However, when Anderson et al. (2002) pooled their data with a sample from an earlier study (Shenton et al., 1992) , they found that normalised left STG grey matter volumes were smaller in individuals with above-median severities of total TD, indicating a certain level of robustness in the relationship between TD and this region.
Of the 17 TD-motivated studies, only four studies failed to find evidence of any relationship between some aspect of STG structure and TD (DeLisi et al., 1994; Goldstein et al., 2002; Lee et al., 2009; Spalletta et al., 2010) . However, when specific STG subregions and measures were considered separately, null findings became more common. In relation to STG volumes of the left hemisphere, two ROI-based studies each failed to determine a significant relationship with the severity of TD (total TD: Holinger et al., 1999; Vita et al., 1995;  positive and negative TD: Vita et al., 1995) . Null findings were also apparent for left STG FA and diffusivity, regardless of the tissue type (i.e. grey or white matter) and aspect of TD (i.e. positive or negative) analysed (Lee et al., 2009 ). Furthermore, left STG volumes did not differentiate individuals whose positive TD remitted with treatment from those whose positive TD remained prominent (Goldstein et al., 2002) . On the other hand, two VBM studies did show significant associations between increased total TD and reduced grey matter volumes of the left superior temporal sulcus (Horn et al., 2010; Horn et al., 2009) , though this was not corroborated in a third VBM study (Sans-Sansa et al., 2013) .
When the anterior portion of the left STG was investigated specifically, null findings were apparent between TD and overall volumes (positive TD: Rajarethinam et al., 2000) , grey matter volumes (total TD: Shenton et al., 1992) , and grey matter area (total TD: Holinger et al., 1999) . Furthermore, when the middle portion of the left STG was investigated specifically, a relationship between more severe TD and reduced overall volumes were found in one study (total TD: Subotnik et al., 2003) , but not in two others (positive TD: Menon et al., 1995; Rajarethinam et al., 2000; negative TD: Menon et al., 1995) . Menon et al. (1995) found evidence of a reduction in the percentage of grey Fig. 2 . Histograms showing the number of studies that found positive, negative and no relationships between regional morphometry and TD. A: results shown for TD-motivated studies. B: results shown for general symptom studies. This figure does not include findings from 14 tractography studies, one multivariate study, and those pertaining to measures of laterality and overall brain structure.
matter comprising the left middle STG with more severe positive TD, but not with the severity of negative TD. Left middle STG grey matter volumes also did not correlate with the severity of positive or negative TD in this study.
For the posterior portion of the left STG, a greater severity of TD was associated with: reduced overall volumes in one study (positive TD: Rajarethinam et al., 2000) , but not in another (positive and negative TD: Menon et al., 1995) ; and reduced grey matter volumes in three studies (positive TD: Sans-Sansa et al., 2013; total TD: Horn et al., 2009; Sans-Sansa et al., 2013; Shenton et al., 1992) , but not in another (positive and negative TD: Menon et al., 1995; also, negative TD: SansSansa et al., 2013) . Null findings were additionally apparent between the severity of TD, and both percentage grey matter (positive and negative TD: Menon et al., 1995) and grey matter area of the left posterior STG (positive TD: Holinger et al., 1999) . Finally, increased TD has been associated with reduced left planum temporale grey matter volumes in two studies (positive TD: Barta et al., 1997; total TD: Weinstein et al., 2007) , but not with the overall area of the left planum temporale in another (positive TD: Petty et al., 1995) . Similarly, DeLisi et al. (1994) did not find any evidence of differences in left or right planum temporale grey matter area between those with and without TD.
With regards to the right STG, Vita et al. (1995) found that more severe manifestations of distractible speech and loss of goal each corresponded with greater overall volumes, though various other aspects of TD (total TD, poverty of speech, poverty of content of speech, tangentiality, derailment, incoherence, illogicality, circumstantiality, or perseveration) were not significant correlates. Grey matter volumes of the right STG failed to show correlations with the severity of total TD in one other study (Holinger et al., 1999) . None of the VBM studies of TD revealed significant voxel clusters within the right STG that were associated with the presence or severity of the syndrome (Horn et al., 2010 (Horn et al., , 2009 Sans-Sansa et al., 2013; Spalletta et al., 2010) . Again, Lee et al. (2009) did not find significant relationships between mean diffusivity and mean FA within both right STG grey and white matter, and the severity of either positive or negative TD.
Overall volumes for the right anterior STG likewise failed to correlate with the severity of positive TD in one study (Rajarethinam et al., 2000) , though increased right anterior STG grey matter volumes was found in relation to more severe total TD in another study (Holinger et al., 1999) . For the middle segment of the right STG, reduced overall volumes have been associated with increased TD in one study (total TD: Subotnik et al., 2003) , but not in two others (positive TD: Menon et al., 1995; Rajarethinam et al., 2000; negative TD: Menon et al., 1995) . Furthermore, no significant relationships were discovered by Menon et al. (1995) between either grey matter volumes or the percentage of grey matter in the right middle STG, and the severity of either positive or negative TD. The severity of TD did not correlate significantly with either right posterior STG overall volumes in two studies (positive TD: Menon et al., 1995; Rajarethinam et al., 2000; negative TD: Menon et al., 1995) , right posterior STG grey matter volumes in two studies (positive and negative TD: Menon et al., 1995; total TD: Holinger et al., 1999) , or right posterior STG percentage grey matter in one study (positive and negative TD: Menon et al., 1995) . Lastly, the area of the right planum temporale was not a significant correlate of positive TD severity in one study .
Five TD-motivated studies had additionally calculated and analysed hemispheric asymmetry indices for various aspects of STG morphometry, producing mixed results. Vita et al. (1995) found greater right STG overall volumes relative to left STG overall volumes (i.e. greater rightward asymmetry) with more severe total TD. By contrast, STG grey matter volume asymmetry did not vary significantly with the severity of positive TD in Barta et al.'s (1997) study. A decrease in rightward planum temporale overall area asymmetry was found to occur with an increased severity of positive TD by Petty et al. (1995) . However, the opposite was found by Rossi et al. (1994) ; increased rightward planum temporale overall volume asymmetry was associated with more severe positive TD, though no significant association was found with the severity of negative TD. DeLisi et al. (1994) did not find evidence of any difference in planum temporale area asymmetry between those with and without TD.
Medial temporal lobe and associated subcortical regions
Sixteen general symptom studies explored various aspects of medial temporal morphometry. Ten did not report any significant relationships between the presence or severity of TD and measures of medial temporal structure (Arango et al., 2003; Barta et al., 1990; Bersani et al., 2009; Guo et al., 2014; Kawasaki et al., 1997; Price et al., 2010; Sanfilipo et al., 2000; Szendi et al., 2006; Takahashi et al., 2006b; Yamasue et al., 2004) . The pattern of findings amongst four of the remaining six studies indicated altered morphometry within the amygdala and hippocampus, particularly reductions in volume on the left side with greater positive or total TD (Bogerts et al., 1993; Fukuzako et al., 1996; Rajarethinam et al., 2001; Sallet et al., 2003b) . Moreover, Gur et al. (2004) found evidence of sexual dimorphism; the amygdalae tended to be volumetrically smaller with more severe negative TD in females, but larger in males. This correlational difference between males and females was significant when analysed directly. Finally, Anderson et al. (2002) were the only ones to show a relationship between parahippocampal grey matter morphometry and TD, though this relationship was not apparent when the data from their sample was pooled with that of Shenton et al. (1992) .
Only six TD-motivated studies were identified that investigated medial temporal morphometry. Half of these studies employed ROI analyses and the other half employed VBM analyses. Such investigations have overwhelmingly yielded null findings, with only one ROI study demonstrating a significant link between language dysfunction and hippocampal structure (Spalletta et al., 2010) . Specifically, both left and right hippocampal volume reductions were significantly correlated with a greater percentage of semantic paraphasias in speech. However, only left hippocampal volumes remained a significant and unique predictor amongst other subcortical and ventricular volumes when entered into a multiple regression analysis. Semantic paraphasias were not predicted by left or right amygdala volumes, and neither hippocampal volumes nor amygdala volumes of either side were significantly associated with the percentage of lexical informativeness or the percentage of global coherence errors in speech.
Other temporal regions
Outside of the STG and the medial temporal lobe, other temporal regions that have been researched in general symptom studies include the temporal pole, the middle temporal gyrus, the inferior temporal gyrus, and the fusiform gyrus; as well as the temporal lobe more broadly. Ten such studies were identified, nine of which were entirely without significant findings for TD (Crespo-Facorro et al., 2004; Guo et al., 2014; Makris et al., 2010; Price et al., 2010; Sanfilipo et al., 2000; Takahashi et al., 2006a Takahashi et al., ,b, 2011a Takahashi et al., , 2004 . These null findings spanned both grey and white matter volumes. Only Gur et al. (1998a) found a significant result in relation to TD; individuals who had recently experienced their first-episode of psychosis tended to have a greater loss of temporal lobe volume with more improvement in positive TD symptoms. Furthermore, temporal lobe volume change remained a significant predictor when entered into a multiple regression analysis with frontal volumes. By contrast, in these individuals, greater temporal lobe volume loss was associated with poorer improvement in negative TD, though it was not a unique predictor in the multiple regression analysis. Individuals who had been previously treated for psychosis showed an association between negative TD improvement and greater temporal volume loss. However, this predicted variance seemed to be shared with frontal volume loss. Moreover, changes in positive TD were not predicted by temporal volumes.
In terms of TD-motivated research, the work that covered temporal regions beyond the STG and medial temporal lobe was confined to P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 84 (2018) 299-315 either volumetric measures of the temporal lobe as a whole, or VBM studies of the entire cortex. Regarding the entire temporal lobe, Vita et al. (1995) did not find evidence of a correlation between volumes of either hemisphere and total TD severity. Similarly, Goldstein et al. (2002) did not find any difference in left or right temporal lobe volumes between individuals whose positive TD remitted with treatment from those whose positive TD remained prominent. The VBM studies were also characterised by null findings. Although Horn et al. (2010) reported a cluster of voxels within left temporal pole grey matter that exhibited reduced volumes in conjunction with more severe total TD, no other VBM study reported a significant relationship between grey matter volumes and TD within any of the remaining temporal regions (Horn et al., 2009; Sans-Sansa et al., 2013; Spalletta et al., 2010) .
Insula
Seven general symptom studies were identified that explored the structure of the insular cortex. One study found evidence of reduced left insula grey matter volumes with more severe positive TD (Yamasue et al., 2004) , and another reported a similar relationship of reduced grey matter volumes specifically within the posterior portion of the left insular with a greater severity of positive TD (Makris et al., 2006) . On the other hand, negative TD did not correlate with left or right insula grey matter volumes in either study (Makris et al., 2006; Yamasue et al., 2004) . For the remaining five studies, null findings were apparent for insula volumes regardless of whether hemisphere, anterior and posterior segments, grey and white matter, or positive and negative TD were considered separately.
No TD-motivated studies were identified that conducted ROI-based investigations of insula structure. The only relevant TD-motivated studies found were those that conducted VBM analyses across the entire cortex. Sans-Sansa et al. (2013) found two bilateral clusters of voxels representing grey matter volumes that included parts of the anterior insulae and were both reduced in those with TD and negatively associated with the severity of poverty of content of speech. However, the majority of voxels within these clusters were housed within the orbitofrontal cortices. Three other VBM studies did not reveal any grey matter volume correlates of TD within the insula (Horn et al., 2010 (Horn et al., , 2009 Spalletta et al., 2010) .
Neuroendocrine system (Pituitary and pineal glands)
Two general symptom studies were identified that explored the structure of the neuroendocrine system. Takahashi et al. (2011b) reported from longitudinal data that those with a greater annual percentage volume increase of the pituitary gland also showed more severe positive TD when assessed at follow-up. However, change in positive TD, as well as change in negative TD and negative TD at follow-up, each failed to correlate significantly with the percentage change in pituitary volume over time. Bersani et al. (1999b) found that those with more severe positive TD had smaller pineal gland calcification lengths, though negative TD did not show the same correspondence. Conversely, Sandyk (1993b) , who conducted the only TD-motivated study of the neuroendocrine system, found that individuals with more severe positive TD had greater pineal calcification than those with milder manifestations.
Frontal lobe
Sixteen general symptom studies of frontal morphometry were identified, 12 of which did not yield significant findings in relation to TD (Arango et al., 2003; Asami et al., 2012; Guo et al., 2014; Makris et al., 2010; Ohtani et al., 2014; Price et al., 2010; Szendi et al., 2006; Wible et al., 2001 Wible et al., , 1995 Wolkin et al., 2003; Yamasue et al., 2004; Zhou et al., 2005) . ROIs included the frontal lobe and prefrontal region broadly, as well as the precentral gyrus, the supplementary motor area, the superior, middle, and inferior frontal gyri; the orbitofrontal cortex and gyrus rectus, the inferior and superior rostral gyri, and the frontal pole. The majority of these studies conducted analyses on either grey matter volumes, white matter volumes, or both. However, null findings were also evident between negative TD, and prefrontal white matter diffusivity and FA (Wolkin et al., 2003) . Furthermore, magnetisation ratios for a cluster of voxels that included the left inferior and superior rostral gyri, and gyrus rectus; and two clusters spanning the left and right superior frontal gyri each were altered in individuals with schizophrenia but were unrelated to positive or negative TD (Price et al., 2010) .
Only four general symptom studies of frontal morphometry reported significant results in relation to TD. Gur et al. (1998a) found that, in those who had recently experienced their first psychotic episode, greater frontal lobe volume reduction over time predicted more improvement in positive TD but less improvement in negative TD. Moreover, improvement in negative TD was associated with greater frontal volume loss for individuals with schizophrenia who had been previously treated. None of these findings remained significant when frontal volumes were entered into a multivariate analysis in conjunction with temporal volumes. Sanfilipo et al. (2000) found an association between an increased severity of negative TD and reduced bilateral prefrontal white matter volumes. Gur et al. (2004) found that a greater severity of negative TD tended to occur with smaller volumes within a broadly-defined orbital region in females, but were not significantly related in males. This difference in correlation between males and females was not significant when analysed directly, however. Lastly, Nakamura et al. (2008) showed a relationship between lower left middle orbital gyrus grey matter volumes and more severe positive TD, including circumstantiality, tangentiality, distractible speech, and incoherence. On the other hand, grey matter volumes of the right middle orbital gyrus, bilateral lateral orbital gyri, and bilateral straight gyri were not associated with either positive or negative TD.
Five TD-motivated studies were identified that conducted ROI-based volumetric analyses within the frontal lobe and a further four conducted VBM analyses. Three of the ROI-based investigations were limited to the prefrontal region broadly, though only one of these studies produced null findings, which was for both left and right grey matter volumes in relation to the severity of total TD (Nestor et al., 1998) . Vita et al. (1995) found that left prefrontal volumes were lower in those with more severe total TD. Moreover, this relationship was present for distractible speech, tangentiality, incoherence, illogicality, and loss of goal. Right prefrontal volumes tended to be reduced in volume with a greater total TD severity, as well as for distractible speech and illogicality. Neither left nor right prefrontal volumes were associated with poverty of speech or poverty of content of speech, or with perseveration, circumstantiality, or derailment. Accordingly, Goldstein et al. (2002) found some evidence that both left and right prefrontal volumes were larger in those whose positive TD symptoms subsequently responded to treatment than in those whose TD symptoms did not. However, the findings were not robust when subjected to a multivariate analysis. Results pertaining to more specific prefrontal ROIs include a positive association between left orbitofrontal cortex grey matter volumes and the severity of negative TD (Lacerda et al., 2007) , a relationship that was also evident specifically for a lateral portion of the orbitofrontal cortex; and no significant relationship between the severity of total TD and either left or right superior frontal gyrus grey matter volumes (Shenton et al., 1992) .
The four VBM studies each implicated disparate regions in TD, with the exception of the orbitofrontal cortex. Namely, Horn et al. (2010) found a cluster of voxels within the right middle orbital gyrus, of which the grey matter volumes tended to be smaller with increasingly severe total TD. Similarly, Sans-Sansa et al. (2013) found that the grey matter of a voxel-cluster within the orbitofrontal cortex of each hemisphere (as well as part of the anterior insula) tended to be reduced in volume in those experiencing TD. Sans-Sansa et al. also found grey matter voxel-clusters within the bilateral ventromedial prefrontal cortex and within the left frontal inferior operculum and pars triangularis that were reduced in volume in those experiencing TD. Frontal operculum and pars triangularis grey matter volumes correlated negatively with the severity of positive TD, whereas the ventromedial prefrontal and the orbitofrontal grey matter volumes correlated negatively with the severity of poverty of content of speech. Spalletta et al. (2010) found that the volumes of two circumscribed grey matter voxel-clusters within the frontal lobe were positive associated with the percentage of lexical informativeness in speech. One cluster appeared to be located within the superior portion of the left premotor cortex and the other was located somewhere within the prefrontal cortex (although inconsistencies were noted between the locations reported in-text, the quoted Montreal Neurological Institute co-ordinates, the quoted Brodmann's areas, and the regions depicted in their figure) . On the other hand, the percentage of semantic paraphasias and the percentage of global coherence errors did not correspond with any frontal grey matter volumes. Likewise, Horn et al. (2009) did not find any frontal correlates of total TD severity.
Cingulate
Six general symptom studies of cingulate cortex morphometry were identified. Makris et al. (2010) found that those with more severe negative TD tended to show smaller cingulate white matter volumes. However, four other ROI-based volumetric analyses returned null findings in relation to TD, regardless of hemisphere and whether anterior, middle, or posterior segments of cingulate gyrus grey matter or white matter were explored (Guo et al., 2014; Szendi et al., 2006; Yamasue et al., 2004; Zhou et al., 2005) . Likewise, Price et al.'s (2010) VBM analysis identified a voxel-cluster that included parts of the (anterior) cingulate grey and white matter (in addition to surrounding frontal regions) that showed lower magnetisation ratios in individuals with schizophrenia, but no association with the severity of positive or negative TD was found.
Of the TD-motivated studies identified, there was an absence of ROIbased morphometric analyses of the cingulate cortex. However, four VBM studies explored cingulate structure. Whilst Horn et al. (2009) found clusters of voxels within left and right anterior cingulate gyrus grey matter that exhibited lower volumes with a greater total TD severity, this finding was not replicated (Horn et al., 2010; Sans-Sansa et al., 2013) . Moreover, Spalletta et al. (2010) did not find any association between cingulate grey matter volumes and the percentage of semantic paraphasias, percentage of global coherence errors, and percentage of lexical informativeness in speech.
Parietal lobe
Only three general symptom studies were identified that explored parietal structure. All three conducted ROI-based volumetric analyses and all three returned null findings in relation to the severity of TD (Asami et al., 2012; Guo et al., 2014; Makris et al., 2010) . Five TDmotivated studies were identified that investigated parietal morphometry. One of these studies conducted ROI analyses of left and right total parietal, inferior parietal lobule, central gyrus, angular gyrus, and supramarginal gyrus grey and white matter volumes (Niznikiewicz et al., 2000) . However, no significant relationship between parietal volumes and the severity of total TD was determined. The remaining four TD-motivated studies conducted VBM analyses, three of which also failed to determine grey matter volumes within the parietal lobe that varied with the severity or presence of TD (Horn et al., 2010; SansSansa et al., 2013; Spalletta et al., 2010) . Only Horn et al. (2009) found significant correlates of TD within the parietal region; a greater severity of total TD tended to occur with smaller grey matter volumes within the left angular gyrus, and bilateral precuneus.
Subcortical structures
Five general symptom studies investigated the anatomy of the basal ganglia. However, all five reported null findings in relation to positive and negative TD, regardless of whether grey or white matter was investigated (Arango et al., 2003; Ballmaier et al., 2008; Guo et al., 2014; Gur et al., 1998b; Hokama et al., 1995) . This included one study that performed a separate analysis for individuals who had not received neuroleptic medications (Gur et al., 1998b) , and another study that explored the interactive influence of antipsychotic type (Arango et al., 2003) . Furthermore, six TD-motivated studies were identified that were relevant to basal ganglia structure. Again, null findings were common; one ROI-based study of putamen, caudate nucleus and globus pallidus structure (Nestor et al., 1998) , and all three of the pertinent VBM-based studies (Horn et al., 2010; Horn et al., 2009; Sans-Sansa et al., 2013) each failed to find significance. However, two ROI-based investigations did yield significant findings. Ballmaier et al. (2004) reported that an increased propensity for impaired repair of organization of thoughts in children was associated with decreased right nucleus accumbens volumes, whereas left nucleus accumbens volumes were negatively associated with the propensity for impaired revision of speech errors. A conference abstract presented by the same authors a year earlier also mentioned a trend-level relationship between ratings of illogical thinking and loose associations, and nucleus accumbens volume asymmetry (Ballmaier et al., 2003) . Similarly, Spalletta et al. (2010) found that the percentages of lexical informativeness and global coherence errors in speech were correlated with volumes of the left nucleus accumbens, as well as the left putamen. By contrast, a greater percentage of semantic paraphasias was related to reduced nucleus accumbens and putamen volumes on the right side. Follow-up multivariate analyses illustrated unique contributions of left nucleus accumbens volumes in predicting both lexical informativeness and global coherence errors.
Three general symptom studies explored thalamic volumes. However, in all three studies, the severity of TD was not reported as a significant correlate (Guo et al., 2014; Gur et al., 1998b; Portas et al., 1998) . Likewise, none of the three TD-motivated VBM studies revealed any link between TD and grey matter volumes of the thalamus (Horn et al., 2010 (Horn et al., , 2009 Sans-Sansa et al., 2013) . Whilst Spalletta et al. (2010) found a negative correlation between right thalamic volumes and the percentage of semantic paraphasias in speech, the right thalamus was not a unique predictor when entered into a multivariate analysis with other subcortical and ventricular volumes. Moreover, the percentages of lexical informativeness and global coherence errors were not correlated significantly with left or right thalamic volumes.
Two general symptom studies and a single TD-motivated conference abstract were identified that investigated cerebellar structure. All three implicated the cerebellar vermis in the syndrome Levitt et al., 1999; Sandyk et al., 1991) . In particular, Sandyk et al. (1991) evinced an association between more severe vermis atrophy ratings, which reflected the number of sulci present, and more severe positive TD. Levitt et al. (1999) found an association in the opposite direction when they explored white matter volumes of the vermis, namely greater volumes with more severe positive TD. Neither study found a significant relationship with the severity of negative TD. Finally, Blanton et al. (2003) reported a relationship between the structure of part of the vermis and a measure of revisions and corrections during conversation in children with schizophrenia, though the precise aspect of morphometry analysed and the direction of the relationship were not specified. Moreover, Blanton et al. reported significant correlations between the structure of the right tonsil and revisions and corrections during conversation, in addition to increasingly severe positive TD in conjunction with greater L > R asymmetry of the flocculi and tonsils. P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 84 (2018) 299-315 
White matter tracts and commissures
Although tractography has become increasingly prominent in psychosis research, there have been no TD-motivated studies of white matter tracts. However, fourteen general symptom tractography studies were found that examined various measures of white matter structure, including six that looked at aspects of the corpus callosum and five that explored the internal capsule. Two studies exploring the corpus callosum yielded significant findings in relation to TD (Arnedo et al., 2015; Kubicki et al., 2008) . When the corpus callosum was parcellated into frontal, parietal, and occipito-temporal segments based on projection sites, Kubicki et al. (2008) found negative correlations between the severity of positive TD and FA values within all three segments. Moreover, distractible speech appeared to account for these correlations. By contrast, the severity of negative TD was not significantly related to corpus callosum FA. Arnedo et al. (2015) similarly found that a subset of individuals with schizophrenia who evinced lower FA within the genu of the corpus callosum also had more pressure of speech, distractible speech, and derailment. Furthermore, a second subset who had reduced FA within the splenium of the corpus callosum, in addition to the retrolenticular and posterior limbs of the internal capsule, showed more poverty of speech. These two subgroups did not differ from the majority of individuals with schizophrenia in terms of other TD symptoms, however, including overall positive and negative TD.
The three remaining general symptom studies of corpus callosum structure yielded null findings regarding TD. In particular, Whitford et al. (2010) explored mean FA values in a segment of the corpus callosum that projected to frontal regions anterior to the supplementary motor area but failed to find a significant relationship with the severity of negative TD. Furthermore, both positive and negative TD failed to correlate significantly with FA values within the anterior corpus callosum (Nakamura et al., 2012) and within a section of the corpus callosum that connects the bilateral auditory areas (Mulert et al., 2012) , as well as with corpus callosum white matter volumes (Makris et al., 2010) . Other than Arnedo et al. (2015) , no study has implicated internal capsule structure in positive or negative TD, regardless of whether white matter volume (Makris et al., 2010; Price et al., 2010) or mean FA (Mamah et al., 2010; Nakamura et al., 2012) was analysed.
Of the motley array of other white matter structures that have been investigated in general symptom studies, there were some significant links demonstrated with TD. Bracht et al. (2014) assessed the probability that a particular voxel was part of a fibre bundle connecting two ROIs, and determined inverse relationships between the severity of negative TD and these probabilities for both left ventral tegmental areaamygdala and left nucleus accumbens-medial orbitofrontal cortex fibre bundles. Moreover, Szeszko et al. (2008) found a tendency for reduced mean FA within the bilateral uncinate fasciculus in those with more severe negative TD. As mentioned, more severe total TD has been associated with less global connectivity (Skudlarski et al., 2010) . Correlations have also been found between more severe negative TD and smaller superficial white matter volumes within occipital and paralimbic regions, in addition to smaller cingulate white matter volumes (Makris et al., 2010) . Arnedo et al. (2015) reported that a subset of individuals with schizophrenia who had reduced FA within white matter of the fornix also had greater pressure of speech and distractible speech than those that did not show this reduction. Again, however, this was not the case for other TD symptoms, including overall positive and negative TD.
On the other hand, null findings for TD have been reported in general symptom studies of fornix volumes (Zahajszky et al., 2001) , superior longitudinal fasciculus FA (Nakamura et al., 2012) , inferior fronto-occipital fasciculus FA (Nakamura et al., 2012) , and FA for rightsided ipsilateral fibres connecting the rostral and caudal portions of the anterior cingulate (Whitford et al., 2014) . Furthermore, anatomical connectivity values for a range of specific ROI-pairs that were reduced in individuals with schizophrenia were found to be unrelated to the severity of total TD (Skudlarski et al., 2010) . Finally, Viher et al. (2016) investigated several diffusivity measures within white matter, but did not find voxel-clusters that were significantly related to positive TD.
Study quality
The majority of studies have utilised the SAPS FTD subscale (Andreasen, 1984b) to assess positive TD, and the SANS Alogia subscale (Andreasen, 1984a) to assess negative TD (see Table S3 , Supplementary Materials 5). TD measurements were based on clinical interviews and hospital chart reviews in most studies. Only 11 studies explicitly reported utilising standardised methods of eliciting speech samples, such as the Gorham Proverbs Test (Gorham, 1956) , the WAIS-R Comprehension subtest (Wechsler, 1981) , the Rorschach Inkblots (Rorschach, 1942) , and other images or cartoons. Nine of these were TD-motivated studies and two were general symptom studies. Six TD-motivated studies performed non-unitary analyses of TD, considering some individual aspect of positive or negative TD separately. Thirty studies, 16 general symptom and 14 TD-motivated, provided summary statistics regarding the severity of TD manifested in their sample. Only six TD-motivated studies reported reliability estimates for TD ratings of their sample, with a further five general symptom studies and one TD-motivated study providing the range of reliability estimates across the symptom measures adopted (from which the minimum and maximum possible reliability for TD ratings can be gauged, though the actual reliability remains unreported).
As a group, the structural neuroimaging analyses of TD in general symptom studies tended to be characterised by a number of limitations, though it should be noted that these analyses were secondary to the main aims and so do not reflect the quality of the studies as a whole. The limitations included poor clarity surrounding the extent to which TD was sampled, ambiguity regarding the specific brain structures and measures analysed, inflated risk of false positives due to numerous comparisons with various symptoms and other variables, a consideration of confounds that was often constrained to differences between diagnostic groups, and analyses that were limited to brain structures showing differences between diagnostic groups. On the other hand, because of the number of symptoms explored, the general symptom studies do tend to provide some indication of the specificity of the findings to TD, though direct and sufficient evidence for specificity was usually lacking. Most also reported acceptable reliability estimates for their neuroimaging measures when appropriate, such as for manuallytraced ROIs.
In terms of TD-motivated studies, there was some variability in study quality. Blind measurement of either the severity of TD or structural neuroimaging variables was stated in 16 of the 26 TD-motivated studies. Of the remaining 10 studies that did not report blind measurement, five utilised automated methods for all of their measurements of cortical structure. Seventeen TD-motivated studies investigated the specificity of their neuroimaging findings to TD amongst other psychotic symptoms, though seven of these studies only explored a limited number of other symptoms. Cogent and direct tests of clinical specificity were rare. The best evidence of specificity was determined for the relationships between TD and both the superior temporal gyrus and orbitofrontal cortex (Table 3 ). Many TD-motivated studies considered a few potential confounds, but rarely explored all of those relevant. Two studies were considered to appropriately account for pertinent confounds, including age, gender, handedness, education or intelligence, medication dosage, and illness duration. A further three studies came close, two failing only to account for the influence of intelligence or education, and one failing only to account for handedness. Most TD-motivated studies did account for the influence of global effects on their neuroimaging measures, such as total intracranial contents, and did report acceptable reliability estimates for their neuroimaging measures when appropriate.
Twenty-five general symptom studies and 10 TD-motivated studies contained sample overlap with other studies contained within the current review. This includes one sample of 15 male veterans that was identified in 10 different publications, three of which were TD-motivated. Also, many studies were found that recruited from the same sites. Thus, the representativeness of the samples and generalisability of the findings from the studies reviewed may be somewhat constrained. The use of veterans as participants, for example, could represent a specific and distinct subgroup of individuals with schizophrenia-related diagnoses. Whilst alcohol or drug abuse or dependence was often listen as a criterion for exclusion in these studies, the presence of co-morbidities such as post-traumatic stress disorder were not reported. Males and right-handed individuals were over-represented in both general symptom and TD-motivated studies (see Table 1 and Sample Characteristics section).
Discussion
The aim of the current review was to provide a comprehensive and systematic account of the structural neuroimaging correlates of TD. General symptom exploratory work investigating morphometric associations with TD amongst numerous psychotic symptoms in a nonspecific manner has been commonplace, whereas there has been a scarcity of research driven by specific TD-related hypotheses and research questions. The included studies implicate a range of regions as potentially contributing to the manifestation of TD, including the STG, particularly the left posterior STG and planum temporale; the prefrontal region, particularly the orbitofrontal cortex; the amygdala-hippocampus region, the nucleus accumbens, the cerebellum, and the corpus callosum. Although these structural correlates have been reproduced to varying degrees, null findings were frequently encountered in both TDmotivated and general symptom research.
On the surface, a role of the left posterior STG and planum temporale in TD is perhaps unsurprising, given that lesions within this area are known to result in fluent language deficits (Cappa et al., 1981) . Yet the speech of those with fluent aphasia is generally considered to be distinguishable from TD, even though there can be a substantial degree of overlap (Covington et al., 2005; Faber et al., 1983; Oh et al., 2002; Sambunaris and Hyde, 1994) . Moreover, fluent aphasia typically involves extensive lesioning (e.g. infarction) that is identifiable on an individual with neuroimaging (Cappa et al., 1981; Kirshner et al., 1989; Sambunaris and Hyde, 1994) . Although no formal group comparisons were identified, gross abnormalities are not usually evident in individuals with TD (e.g. Semkovska, 2010) . Hence, the structural brain changes associated with TD are likely to be subtler than those associated with fluent aphasia.
In terms of specific language functions, posterior aspects of the left superior and middle temporal gyri are thought to be involved in the retrieval of phonological codes, with the left posterior STG possibly serving as a store of lexical word form representations Levelt, 2000, 2004) . However, as Bachman and Cannon (2012) reasoned, deficient morpho-phonological retrieval would produce difficulties in finding the words required to convey intended concepts (i.e. anomic aphasia), a phenomenon not considered to be characteristic of TD. Also, no evidence was identified from the current review that implicated the structure of the left posterior middle temporal gyrus in TD, which might be expected if part of the neuroanatomy of TD reflected deficits in phonological retrieval. On the other hand, evidence has been found to suggest that TD-related reductions in left planum temporale grey matter volumes are mediated by increases in activation within middle-posterior aspects of the left superior and middle temporal gyri during the comprehension of speech (Weinstein et al., 2007) . This relationship could relate to the deficits in lexical-semantic access that have been theorised in the literature (Leeson et al., 2005a; Spitzer, 1997) .
Another possibility is that the role of the STG in TD reflects altered self-monitoring of language. Bilateral STG, including the posterior portion of the left hemisphere, is thought to subserve the self-perception of internally and externally generated speech Levelt, 2000, 2004) . This self-perception is considered by some to be central to a feedback system that monitors and repairs errors in speech by contrasting both sub-vocal and articulated outputs with the concepts that were intended to be expressed, as well as with various linguistic standards and appropriateness with respect to context (Levelt, 1983) . Indeed, superior temporal morphometric correlates of TD were not always isolated to the left posterior region in the studies reviewed; middle and anterior aspects of the STG on both the left and right sides, in addition to the whole STG, were occasionally associated with TD as well. Behavioural measures of self-monitoring have been linked to aspects of TD (Barch and Berenbaum, 1996; Harvey, 1985; Nienow and Docherty, 2004) . Furthermore, a functional neuroimaging study has shown TD-related changes in right STG activation associated with selfmonitoring of speech (Kumari et al., 2010) . Beyond speech comprehension and monitoring processes, TD-related changes in STG activation have been found with speech production (Kircher et al., 2001a (Kircher et al., , 2002 Matsumoto et al., 2013; McGuire et al., 1998) , context-dependent word generation (Kircher et al., 2001b) , and attention (Erkwoh et al., 2002) tasks.
Perception-based accounts of self-monitoring in speech production rely on both attention and working memory as cognitive mechanisms that are responsible for monitoring and comparing elements of produced speech (Levelt, 1983; Postma, 2000) . It is notable that these executive functions have been formally hypothesised in the aetiology of TD in other areas of literature. For instance, Lake (2008) suggested that either poor attentional filtering or excessive prioritisation of irrelevant Note: ✓ = direct evidence demonstrating specificity; "Possibly" = evidence suggesting against specificity not significant, but direct evidence for specificity not acquired; "Mixed" = studies have presented significant and non-significant evidence suggesting against specificity, without any study providing direct and sufficient evidence for or against specificity; "Possibly Not" = significant but insufficient evidence suggesting against specificity. No study presented direct and sufficient evidence to suggest against specificity. Empty cells represent no evidence from the studies contributing to the main replicated findings. See Supplementary 2 for further details.
P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 84 (2018) 299-315 stimuli, whether internal or external, results in increased competition of stimuli for expression and distractible speech ensues. Moreover, a systematic review of the neurocognitive literature determined a link between TD and two specific executive functions: the maintenance of goal-relevant information in memory, and the inhibition of inappropriate thoughts or behaviour (Kerns and Berenbaum, 2002) . Thus, aberrant speech monitoring may stem from broader abnormalities in these executive processes.
The relationships between orbitofrontal structure and TD that were found in several of the currently reviewed studies could be conceptualised within this framework of executive function. The orbitofrontal cortex is believed to have an involvement in attention and decision-making through its role in representing and dynamically monitoring the reward value of stimuli, where medial aspects of the orbitofrontal cortex compare and select amongst competing stimulusreward associations for appropriate action, and lateral aspects of the orbitofrontal cortex supress previously selected stimulus-reward associations based on changed conditions (Elliott et al., 2000) . In particular, left anterior medial orbitofrontal activity has been associated with the subjective comprehension of stories and the appropriate completion of sentence stems, with the latter task also being associated with right middle orbitofrontal activity. Furthermore, patients with tumours within their left orbitofrontal cortex have been associated with speech that is characterised by an increased number of misnamings and digressions (Kaczmarek, 1984) . Such patients have been described as "inclined to follow accidental associations…i.e., bizarre stories loosely connected with the narrative they were supposed to develop" (p. 55). This account tessellates with the particular TD symptoms that Nakamura et al. (2008) found to correlate with left middle orbital gyrus volumes, namely circumstantiality, tangentiality, distractible speech and incoherence.
This role of the orbitofrontal cortex in TD might extend to implicate the nucleus accumbens, amygdala, and hippocampus, regions that were also associated with TD in the literature identified in the current review. The orbitofrontal cortex is known to project to the nucleus accumbens (Alexander et al., 1986; Di Martino et al., 2008; Haber, 2003; Haber and Knutson, 2010) , a region which also receives dopaminergic inputs from the ventral tegmental area and glutamatergic modulation from the amygdala and hippocampus (Goto and Grace, 2008; Grace, 2000; Haber and Knutson, 2010) . Moreover, the nucleus accumbens is central to the dopamine hypothesis of psychosis, contemporary versions of which propose that striatal dopamine dysregulation results in the abnormal assignment of salience to innocuous stimuli (Howes and Kapur, 2009) . Accordingly, the amygdala plays a role in dynamically processing the emotional valence and salience of environmental stimuli (Janak and Tye, 2015) , and the hippocampus is involved in the integration and flexible expression of multi-modal representations from both declarative memory and the environment (Sweatt, 2004) . The hippocampus, in particular, is believed to contribute to the incremental, on-line requirements of language, such as with the use of communal knowledge, perspective-taking, and gesturing in discourse (Duff and Brown-Schmidt, 2012) , and, thus, could represent part of the neural basis for the idea of impaired pragmatics in TD (Covington et al., 2005; Kuperberg et al., 2000) . Taken together, dysfunction within corticostriatal circuitry, reflecting aberrant dynamic attentional filtering or prioritisation by incorporating abnormal reward-based salience associations, could underpin some digressional aspects of TD. Further work with appropriate regional parcellation, the use of tractography techniques, and the use of functional neuroimaging is required to better substantiate these hypotheses. One of the motivations for the current review was that findings derived from structural neuroimaging may help elucidate the aetiology of TD. However, the interpretation that altered brain structure associated with TD contributes to the aetiology of the syndrome assumes a direction of causality. It must be noted that the studies included were observational, and their findings almost entirely correlational. Thus, the direction of causality and the influence of mediators remain unknown. Indeed, plausible alternative interpretations of the structural correlates of TD could be made. For instance, prolonged or prodromal symptoms of TD may impede social functioning (Bearden et al., 2011; Roche et al., 2015) and foster more negative social reactions from others. The experience of social inferiority has been contended to dispose many of the risk factors for developing psychosis (Selten and Cantor-Graae, 2005) . These risk factors, as well as social defeat itself, may contribute to structural brain changes in development and adulthood, through neuroplastic (Fernald, 2003; Kolb et al., 1998; Lovden et al., 2013) and epigenetic (Roth et al., 2009) mechanisms. Indeed, changes within the mesolimbic dopaminergic system have been hypothesised to stem from social defeat (Selten et al., 2013) . Hence, TD could feasibly produce, exaggerate, or coincide with alterations in brain structure. Though prolonged TD cannot be induced experimentally to test causality, meditational and longitudinal analyses could be conducted to test hypotheses such as the social defeat hypothesis.
Although robust links between structure and TD were found in some brain regions, there have generally been difficulties with replication and null findings were common. The studies reviewed demonstrated considerable methodological variability, with several factors that may have contributed to measurement error and obscured potential findings. In relation to neuroimaging, variability may have been introduced by differences in the structural analysis techniques used, which are vulnerable to different sources of error. Direct comparisons of volumetric measurements yielded from automated VBM and manually-defined ROI analyses have demonstrated only partial agreement in samples of individuals with schizophrenia (Giuliani et al., 2005; Zhang et al., 2008) , as well as in other clinical samples (Good et al., 2002) . Disagreement amongst manual ROI definitions could result in variability within and across studies and may depend on the region implicated (Good et al., 2002) . However, automated ROI analyses can also result in different findings compared to VBM (Van Schuerbeek et al., 2016; Voormolen et al., 2010) , with automated ROI analyses showing additional differences depending on the particular anatomical atlas used and VBM analyses showing additional differences depending on the degree of spatial smoothing performed (Van Schuerbeek et al., 2016) . Moreover, errors associated with multiple comparisons and spatial scaling are respectively greater when automated voxel-and ROI-based procedures are applied across larger regions of space (Voormolen et al., 2010) . Within an ROI mask, VBM can produce different volumetric results compared to manual and automated segmentation, depending on the method of normalisation used (Bergouignan et al., 2009 ).
Other sources of methodological variation pertinent to sensitivity are the particular morphometric measures investigated. The measures analysed in the majority of studies included in the current review were limited to volumes. However, surface-based representations of cortical structure can afford more detailed analyses. Surface-based measures include thickness and surface area, with volumes representing a combination of the two (Winkler et al., 2010) . Moreover, derived indices include measures of gyrification or curvature (Schaer et al., 2008) . Research indicates that these surface-based measures can be differentially influenced in a way that might not be detected by volumetrics alone. For instance, genetic influences on cortical thickness and surface area seem to be independent (Winkler et al., 2010) . In schizophrenia specifically, some regional changes in grey matter volume can be accounted for by a combination of changes in grey matter thickness, gyrification, surface area, and/or intensity contrasts between grey and white matter (Kong et al., 2015; Palaniyappan and Liddle, 2012) . However, in other regions, differences in volume associated with schizophrenia might not be explained by these surface-based measures (Palaniyappan and Liddle, 2012 ). The precise contribution of surfacebased measures to the volumetric correlates of TD remain to be thoroughly investigated,
The variety of methods and standards used to assess the severity of P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 84 (2018) [299] [300] [301] [302] [303] [304] [305] [306] [307] [308] [309] [310] [311] [312] [313] [314] [315] TD is an additional factor that has probably contributed to the number of null findings in the literature. Indeed, Horn et al.'s (2009) use of the TLC scale (Andreasen, 1986) was criticised by Palaniyappan (2009) , who questioned the validity and reliability of the measure. However, Subotnik et al. (2003) was the only group identified in the structural neuroimaging literature that explicitly and empirically considered this point. Whilst ratings made according to the Bizarre-Idiosyncratic Thinking (BIZ) Index (Harrow and Quinlan, 1985) , which involves the elicitation of speech samples via standard procedures, were found to correlate with STG volumes, ratings on the BPRS Conceptual Disorganization item (Overall and Gorham, 1962) for the same sample did not. The reliability of the single-item BPRS assessment was also relatively low (Subotnik et al., 2003) . It was contended that forms of TD assessment without a standard assessment procedure lacked the sensitivity necessary to detect subtle aspects of the syndrome and so might fail to detect true relationships. Across the studies included in the current review, few reported the use of standardised methods to elicit speech samples and few reported the reliability of their TD measurements, leaving open the possibility for type II errors. The issue of poor sensitivity in the assessment of TD has been compounded by the high number of general symptom studies, where deviations in neural structure associated with schizophrenia have been explored across numerous symptom-types rather than having any specific focus on TD. Not only has this research relied heavily upon relatively insensitive, general schizophrenia rating systems to assess TD, such as the PANSS (Kay et al., 1987) , the BPRS (Overall and Gorham, 1962) , and the SAPS (Andreasen, 1984b) and SANS (Andreasen, 1984a) ; but it has also faced issues of error inflation that stem from multiple comparisons (or arbitrary corrections for it). In addition, it is possible that the general symptom studies did not sample sufficient variation in TD, as this information was rarely reported.
The inadequate sensitivity amongst the assessment methods used to measure TD is not entirely practical in nature; it is also theoretically pertinent to all TD research because different manifestations of the syndrome could represent different aspects of cognitive dysfunction (Covington et al., 2005; Kuperberg et al., 2000) . This is not a new concept; for years, the non-unitary nature of TD has been stressed (Andreasen, 1986; Berenbaum and Barch, 1995) . Accordingly, evidence has existed for a while which indicates that the various processes underpinning semantic function (e.g. Goldberg et al., 1998; Subotnik et al., 2006) , attention (e.g. Subotnik et al., 2006) , and language production (e.g. Barch and Berenbaum, 1996) might relate differently to the various aspects of TD symptomatology. If differences exist between the correlates of specific TD symptoms or subgroups of symptoms, they would be obscured by analyses that are merely concerned with overall TD and a loss of power may ensue. Yet, despite the potential theoretical validity of a nuanced perspective on this syndrome, very few of the studies reviewed included analyses with individual aspects of TD. Ultimately, there is a need for more TD-motivated research using appropriately sensitive, non-unitary measures to elucidate the morphometric underpinnings of the syndrome.
Lastly, although the persistence and chronicity of TD can vary between individuals (Harrow et al., 1986; Roche et al., 2015) , these factors have rarely been explored in the structural neuroimaging literature. For example, only one TD-motivated study identified in the current review investigated whether measures of brain structure could predict the responsivity of TD to treatment (Goldstein et al., 2002) . Nevertheless, persistent and residual TD could represent a distinct subgroup of individuals with different aetiologies. Indeed, trait-based TD may show signs of hereditability and be present in non-clinical relatives (Levy et al., 2010) , providing impetus to the search for genetic correlates of TD, such as specific single-nucleotide polymorphisms (Tolosa et al., 2010; Wang et al., 2012) . Genetic differences could exhibit distinct morphological associations underpinning residual aspects of TD, which might also be reflected in the TD recorded in non-clinical samples (Barrera et al., 2015; Sommer et al., 2010) . These questions await investigation.
There are several limitations with the current review. First, the TDrelevant findings from many of the included studies were secondary to their main aims. The analyses of TD in these general symptom studies were often ambiguously reported. As a consequence, some null findings from included general symptom studies were conservatively inferred and may have been under-reported. Potentially relevant studies may have also been excluded if symptom-based analyses were not made apparent in the abstract. Second, the decision to exclude studies wherein disorganisation latent variables were analysed, rather than TD specifically, may have neglected a relevant proportion of the literature. Third, the scope of the review spanned a large timeframe and was not restricted to particular structural neuroimaging techniques or measures. This broad scope captured a diversity of studies that made the synthesis and integration of findings difficult. On the other hand, focusing entirely on structural neuroimaging provides a limited insight into the neural underpinnings of TD that may be expanded upon by considering other methodologies, such as functional and chemical neuroimaging, as well as electrophysiology. In summary, the structural neuroimaging studies reviewed showed some evidence to implicate the STG, orbitofrontal gyrus, cerebellum, nucleus accumbens, amygdala-hippocampus region, and corpus callosum in TD. For the most part, the involvement of these regions in TD is consistent with the idea that the aetiology of TD includes deficits in high-level regulatory and integrative functions, possibly relying upon diminished executive resources to monitor and co-ordinate productive language processes with other aspects of cognition. However, these interpretations are speculative and require corroborative functional evidence. Nevertheless, there is a sufficient basis of literature to generate a diversity of hypothesis-driven research, which is currently lacking in this area. Future research would also benefit from the use of more precise and standardised measures of TD that better reflects the non-unitary nature of the syndrome, in addition to surface-based measures of brain morphometry.
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